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HIGHLIGHTS 


•  Pr0.4Sro.6Coo.2Feo.7Nbo.i03_5  was  used  as  an  anode  in  direct  propane  fueled  SOFCs. 

•  Co-Fe  bimetallic  phase  was  formed  from  Pr0.4Sro.6Coo.2Feo.7Nb0.i03_«5  SOFC  anode. 

•  High  cell  performance  was  obtained  for  SOFCs  with  anode  containing  Co-Fe  catalysts. 

•  Polycyclic  aromatic  hydrocarbons  were  produced  from  SOFCs  using  propane  as  fuel. 
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The  perovskite  material  Pro^Sro.eCoo^FeojNbo.iOs-a  was  used  as  an  anode  in  direct  propane  fueled  solid 
oxide  fuel  cells  (SOFCs).  After  exposure  of  the  initial  single  phase  Pr0.4Sr0.6Coo.2Feo.7Nbo.i03_<5  to  a 
reducing  atmosphere  at  900  °C,  it  transformed  to  a  two-phase  system  with  nano-particles  of  a  Co— Fe 
bimetallic  alloy  uniformly  distributed  on  a  Ruddlesden— Popper  ceramic  phase.  High  cell  power  output 
and  good  stability  were  obtained  using  propane  as  the  fuel  and  ambient  air  as  the  oxidant.  Due  to  the 
catalytic  effect  of  the  Co-Fe  bimetallic  alloy  in  the  SOFC  operating  conditions,  macromolecular  com¬ 
pounds  of  polycyclic  aromatic  hydrocarbons  (PAHs)  were  generated  as  by-products  in  the  exhaust  stream 
of  the  anode.  This  novel  anode  system  successfully  demonstrated  the  co-generation  of  electricity  and 
high  value  end  use  chemicals  from  direct  hydrocarbon  fueled  SOFC  systems. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  solid  state  devices  which  can 
convert  the  chemical  energy  in  a  fuel  directly  into  electricity  1,2].  It 
is  attractive  to  carry  out  chemical  synthesis  in  SOFCs  to  co-generate 
electricity  from  the  excess  free  energy  of  the  reaction  [3,4].  The 
experimental  evidence  of  the  chemical  co-generation  in  SOFCs  was 
first  demonstrated  by  Farr  and  Vayenas  with  the  production  of 
nitric  oxide  from  oxidation  of  ammonia  and  recovering  part  of  the 
emitted  energy  as  electricity  [5].  Co-generation  processes  to 
oxidation  reaction  of  H2S  to  SO2  and  partial  oxidation  of  methanol 
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to  formaldehyde  on  SOFCs  have  also  been  studied  by  the  Vayenas 
group  [6,7].  Generally,  the  co-generated  chemical  by-products  are 
H2,  H2O,  CO,  CO2  and  some  small  molecular  hydrocarbons  [8,9].  This 
kind  of  co-generation  of  synthesis  gas  (syngas)  and  electrical  power 
is  an  efficient  technology  for  energy  conversion.  However,  the 
traditional  co-generated  chemical  by-product  syngas  is  in  the 
gaseous  state  under  ambient  temperature  and  pressure  which 
poses  problems  for  capture,  storage  and  transport.  There  has  been 
no  report  on  macromolecular  compounds  such  as  polycyclic  aro¬ 
matic  hydrocarbons  (PAHs)  produced  from  hydrocarbon  in  SOFCs. 
PAHs  containing  a  benzene  ring  usually  occur  in  oil,  coal,  and  tar 
deposits,  and  are  produced  as  by-products  of  fuel  burning  (fossil 
fuel  or  biomass)  [10,11].  Interestingly,  PAHs  are  typically  liquids  at 
ambient  temperature  and  pressure  which  make  them  convenient 
for  capture,  storage  and  transport.  If  PAHs  could  be  synthesized  via 
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electrochemical  reactions  in  SOFCs,  it  would  lead  to  a  significant 
improvement  in  the  co-generation  processes  and  further  our  un¬ 
derstanding  of  electrochemical  phenomena  that  occur  in  high 
temperature  fuel  cell  systems. 

The  electrochemical  oxidation  reaction  of  hydrocarbon  species 
occurs  on  the  anode  side,  which  is  one  of  the  most  important  re¬ 
actions  in  SOFCs  [12].  For  direct  hydrocarbon  fueled  SOFCs, 
different  anode  materials  have  been  reported  [13].  Conventional 
Ni-based  materials  combined  with  doped  ceria  [14,15]  or  BaO  [16], 
Cu-based  material  [17],  noble  metals  [18]  and  various  perovs kites 
[19,20]  or  double  perovskites  [21]  have  been  demonstrated  as  po¬ 
tential  anode  materials  for  hydrocarbon  fueled  SOFCs.  Recently  a 
redox-reversible  anode  material  based  on  the  perovskite 
Pr0.4Sro.6Coo.2Feo.7Nbo.i03_<5  (PSCFN)  has  been  discovered  by  our 
group  [22].  It  was  observed  that  a  nanosized  Co-Fe  alloy  (CFA)  was 
formed  in-situ  after  exposing  PSCFN  to  reducing  atmospheres  at 
900  °C.  It  has  been  demonstrated  that  this  dual-phase  anode  ma¬ 
terial  can  directly  oxidize  hydrocarbons  without  suffering  from 
coking  and  is  tolerant  to  sulfur  impurities  in  the  fuel  stream  at 
relatively  high  concentrations.  This  study  focused  on  the  following 
two  important  aspects:  i)  the  composition  and  structure  of  the  CFA 
was  further  studied  to  help  evaluate  the  performance  of  bimetallic 
catalysis  and  ii)  the  dual  phase  anode  containing  CFA  was 
demonstrated  as  a  unique  anode  material  for  the  co-generation  of 
high  value  end  use  chemicals  from  direct  hydrocarbon  fueled  SOFC 
systems. 

Cobalt  and  iron  are  common  transition  metals  used  as  catalysts 
for  the  Fischer— Tropsch  synthesis  [23,24].  The  Fischer— Tropsch 
synthesis  is  a  collection  of  chemical  reactions  that  convert  a 
mixture  of  carbon  monoxide  and  hydrogen  into  hydrocarbons  25]. 
Flydrocarbon  products  which  are  in  liquid  state  at  standard  tem¬ 
perature  and  pressure  are  desired  for  the  convenience  of  capture, 
storage  and  transport  [26].  Generally,  the  Fischer-Tropsch  syn¬ 
thesis  is  operated  in  the  temperature  range  of  150-300  °C  with 
alkanes,  alcohols,  and  other  oxygenated  hydrocarbons  as  the 
common  products  [27].  In  contrast,  the  SOFC  systems  in  this  study 
operate  in  the  temperature  range  of  750-850  °C.  The  elevated 
temperatures  coupled  with  the  electrochemical  nature  of  the  re¬ 
actions  are  expected  to  produce  different  hydrocarbon  products 
than  the  low  temperature  conventional  chemical  synthesis  pro¬ 
cesses.  Due  to  highly  active  CFA  nano-particles  on  the  PSCFN,  it  is 
likely  to  co-synthesize  other  chemicals  while  operating  SOFCs  with 
this  anode  material  in  hydrocarbon  fuels. 

In  this  work,  novel  PSCFN  was  used  as  an  anode  for  the  direct 
use  of  propane  (with  3  vol%  FI2O)  in  SOFCs.  High  electrochemical 
performance  was  achieved  with  appreciable  stability.  High  value 
end  use  chemicals  such  as  PAHs  were  produced  as  products  from 
the  co-generation  of  electricity  and  chemicals,  attributed  to  the 
Co-Fe  bimetallic  alloy  catalytic  activity  and  the  electrochemical 
reactions  occurring  at  elevated  temperature  in  the  SOFC  systems. 

2.  Experimental 

2.1.  Material  preparation  and  cell  fabrication 

Pro.4Sro.6Coo.2Feo.7Nbo.i03_<5  (PSCFN)  powders  were  synthesized 
by  a  citrate  combustion  method,  using  Pr(N03)3,  Sr(N03)2, 
Fe(N03)3,  Co(N03)2,  and  C4H4NNbOg  solution  as  precursors.  Citrate 
acid  was  added  as  a  chelating  agent  and  combustion  enhancer. 
After  heating  the  solution  into  a  gel  on  a  hotplate  at  100  °C  while 
stirring,  a  microwave  oven  was  used  for  further  heating  until  self¬ 
combustion  occurred,  yielding  a  homogeneous  black  powder.  A 
calcination  step  was  performed  by  firing  the  as-synthesized  pow¬ 
ders  to  1000  °C  for  2  h  to  remove  the  residual  organic  content  and 
to  result  in  the  single  crystalline  perovskite  phase. 


Lao.8Sro.2Gao.83Mgo.i703-5  (LSGM)  [28]  and  Bao.gCoo.7Feo.2Nbo.i03_<5 
(BCFN)  [29]  powders  used  as  the  electrolyte  and  the  cathode  were 
synthesized  using  a  solid  state  reaction  method. 

Single  SOFC  cells  were  fabricated  with  an  electrolyte  supported 
configuration  with  screen-printed  electrodes.  The  electrolyte  sub¬ 
strates  were  prepared  by  pressing  the  LSGM  powders  and  subse¬ 
quently  sintering  at  1400  °C  for  5  h.  The  sintered  LSGM  substrates 
were  about  10.5  mm  in  diameter  and  0.3  mm  thick.  The  electrode 
slurry  of  PSCFN  and  BCFN  was  prepared  by  mechanically  mixing  the 
electrode  powders  with  a  Heraeus  binder  V-006,  respectively.  The 
electrode  slurry  was  screen-printed  onto  each  side  of  the  electro¬ 
lyte  substrate  and  fired  at  1000  °C  for  2  h  to  form  porous  electrodes. 
Au  and  Pt  slurry  was  printed  on  the  surface  of  the  anode  and 
cathode,  respectively  to  serve  as  a  current  collector  [22]. 

2.2.  Characterization 

The  crystalline  structure  of  the  powder  samples  was  identified 
by  powder  X-ray  diffraction  (XRD)  with  a  Rigaku  D/Max  2100 
Powder  X-ray  Diffractometer.  The  microstructure  of  the  powder 
samples  was  obtained  by  a  scanning  electron  microscope  (SEM) 
technique  using  a  FEI  Quanta  200  environmental  scanning  electron 
microscope  and  a  high-resolution  transmission  electron  micro¬ 
scopy  (HRTEM,  Fei  Tecnai  F30)  with  a  point-to-point  resolution  of 
0.21  nm  operated  at  300  kV  and  the  elemental  distributions  of  the 
samples  were  characterized  under  STEM  mode  by  an  energy 
dispersive  spectroscopy  (EDS)  analyzer. 

In  order  to  detect  the  formation  of  the  Co-Fe  bimetallic  alloy,  X- 
ray  absorption  fine  structure  (XAFS)  experiments  were  performed 
on  the  reduced  PSCFN  powders  (reduced  in  H2  at  900  °C  for  5  h) 
using  the  X18B  and  X19A  beamlines  at  the  National  Synchrotron 
Light  Source  (NSLS),  Brookhaven  National  Laboratory.  Specimens 
were  prepared  by  brushing  the  powders  on  the  adhesive  tape  and 
then  folding  several  times  to  make  a  uniform  sample  for  trans¬ 
mission  XAFS  experiment.  XAFS  data  were  collected  at  the  Co  I< 
edge  (7709  eV)  and  Fe  I<  edge  (7112  eV)  using  a  transmission 
method  in  air  at  room  temperature.  For  comparison,  the  XAFS  data 
of  standard  Co  (Co  I<  edge  7709  eV)  and  Fe  (Fe  I<  edge  7112  eV)  metal 
foils  were  also  collected. 

The  chemicals  collected  in  the  anode  exhaust  stream  of  direct 
propane  fueled  SOFCs  were  analyzed  by  gas  chromatography  and 
mass  spectrometry  (GC-MS)  and  data  was  acquired  on  a  VG70S 


Fig.  1.  XRD  of  PSCFN  powders  before  and  after  exposure  to  reducing  conditions  (H2 
900  °C/5  h). 
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magnetic  sector  mass  spectrometer  by  both  direct  probe  intro¬ 
duction  and  by  GC— MS.  Electron  impact  ionization  methods  were 
used  for  detection  in  both  methods.  The  GC  column  used  a  30  m 
Rtx-5  and  was  programmed  from  80  °C  to  300  °C  at  10  °C  min-1. 
The  chemicals  were  also  analyzed  by  nuclear  magnetic  resonance 
(NMR)  using  a  Bruker  AVANCE  DRX  400  MHz  NMR  spectrometer. 
Fourier  Transform  Infrared  Spectrometry  (FTIR)  spectra  were 
recorded  on  a  PerkinElmer  spectrum  100  FTIR  spectrometer. 

2.3.  Cell  testing 

Electrochemical  measurements  were  conducted  with  a  Versa 
STAT  3-400  electrochemical  workstation  (Princeton  Applied 
Research).  The  single  cells  were  measured  by  a  four-probe  method 
using  Ag  wires  as  the  leads.  The  measurements  were  taken  using  H2 
with  3  vol%  H20  as  fuel  and  ambient  air  as  oxidant.  The  cell  tem¬ 
perature  was  first  increased  to  900  °C  and  held  for  two  hours  to 
complete  the  reduction  of  the  anode,  and  then  decreased  to  850  °C, 
800  °C,  and  750  °C  for  subsequent  cell  performance  testing. 
Following  this  procedure,  the  fuel  was  switched  to  propane  with 
3  vol%  H20  and  the  cell  performance  was  examined  in  the 


temperature  range  of  750-850  °C.  The  stability  testing  of  the  fuel 
cell  under  propane  fuel  (C3H8  with  3  vol%  H20)  was  performed  in 
two  stages:  i)  an  initial  20  h  test  under  the  open  circuit  mode  at 
800  °C,  and  ii)  continued  testing  for  60  h  under  a  constant  current 
mode  with  a  0.4  A  cm-2  current  applied  at  850  °C. 

3.  Results  and  discussion 

3.1.  Structure  of  PSCFN 

Fig.  1  shows  that  the  as-synthesized  PSCFN  has  a  cubic  perov- 
skite  (Pm-3m)  structure  without  impurities.  The  citrate  combustion 
method  is  more  appropriate  to  synthesize  compounds  containing 
several  kinds  of  elements,  because  the  citrate  acid  acts  as  a  chelator 
which  binds  together  all  the  metal  ions.  After  exposure  to  reducing 
conditions  (H2,  900  °C)  the  perovskite  peaks  were  altered  and 
additional  peaks  appeared  in  the  XRD  spectra.  Compared  to  several 
similar  compounds  such  as  Sr3Fei.8Coo.207_<5,  Sr3Fe2_xCox07_,5,  and 
(La,Sr)3(Fe,Ni)207_<5  [30-32],  the  reduced  PSCFN  spectra  displayed 
in  Fig.  1  reveals  that  it  may  be  a  Ruddlesden-Popper  (RP)  phase 
with  general  formula  of  An+iBn03n+i  [33].  RP  phase  consists  of  a 


Fig.  2.  SEM  (a,  b)  and  TEM  (c,  d)  images  of  PSCFN  powders  before  (a,  c)  and  after  (b,  d)  reduction.  EDS  of  the  reduced  PSCFN  powders  on  selected  area  of  matrix  (e)  (marked  by  O  in 
d)  and  nanoparticles  (f)  (marked  by  x  in  d). 
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MA1) 


Fig.  3.  /<2-weighted  EXAFS  spectra  of  Co  K-edge  in  reduced  PSCFN  and 


number  of  ABO3  perovskite  layers  with  n  =  1, 2, 3,...  00 ,  separated  by 
insulating  rock-salt  layers  AO  [33,34].  Usually  the  RP  series  with 
different  n  have  similar  X-ray  diffraction  spectra  [35,36].  Conse¬ 
quently,  it  is  difficult  to  determine  the  exact  number  of  n.  Therefore, 
further  studies  were  conducted  as  discussed  in  the  following  sec¬ 
tions.  Comparison  of  the  spectra  from  Fig.  1  with  XRD  database,  it 
looks  similar  to  Sr2(Co/Nb)04  (PDF#  1-70-3973),  with  the  exception 
of  the  two  peaks  at  39.85°  and  44.75°  (labeled  as  *  in  Fig.  1).  Ac¬ 
cording  to  the  XRD  database,  the  peaks  around  39.85°  and  44.75° 
correspond  to  the  Co-Fe  alloy  (PDF#  44-1433),  indicating  that  part 
of  the  Co  and  Fe  were  reduced  into  metallic  phase  in  the  reducing 
atmosphere. 

Fig.  2a  and  b  displays  the  SEM  images  of  the  PSCFN  electrodes 
before  and  after  the  reduction  process.  As  shown  in  Fig.  2a,  the  as- 
synthesized  PSCFN  electrode  was  homogeneous  with  a  grain  size  in 
the  submicron  range.  After  reduction,  it  was  observed  that  besides 
the  main  skeleton  which  shows  similar  morphology  as  the  syn¬ 
thesized  powders,  spherical  particles  with  a  diameter  of  approxi¬ 
mately  50  nm  were  uniformly  distributed  on  the  surface  of  the 
original  framework.  It  is  clear  that  after  reduction,  the  single  phase 
PSCFN  had  transformed  to  a  structure  containing  two  different 
phases,  which  is  consistent  with  the  XRD  results. 

Fig.  2c  and  d  presents  the  high-resolution  transmission  electron 
microscopy  (HRTEM)  of  the  PSCFN  powders  before  and  after 
reduction,  respectively.  Fig.  2c  is  the  TEM  image  of  the  as-synthe¬ 
sized  PSCFN  powder  observed  along  [113]  zone  axis.  The  measured 
d-spacing  of  the  (420)  planes  is  0.159  nm,  consistent  with  the  XRD 
results  that  a  d-spacing  of  0.157  nm  was  obtained  for  the  (210)  peak. 
After  reduction,  Fig.  2d  reveals  two  different  phases  similar  to  the 
observation  of  the  SEM  results  in  Fig.  2b.  Within  a  single  nano¬ 
particle  no  grain  boundary  was  observable  through  different 


K-edge  in  metal  Fe.  (a)  k- space  data;  (b)  Fourier  transform  magnitude. 


orientation/ordering  in  the  TEM  image,  implying  that  the  nano¬ 
particle  contains  only  one  substance  with  different  orientation/ 
ordering  37,38]. 

In  order  to  investigate  the  composition  of  the  reduced  PSCFN, 
TEM-EDS  was  used  on  the  selected  areas  of  the  matrix  and  the 
nanoparticles.  In  Fig.  2e,  for  the  parent  matrix  all  the  five  elements 
of  Pr,  Sr,  Co,  Fe,  Nb  can  be  detected,  while  Cu  in  the  spectrum  comes 
from  the  copper  TEM  sample  holder.  Compared  with  the  standard 
database,  the  Co  peak  is  very  weak,  implying  a  significant  decrease 
in  the  content  of  Co  from  the  original  PSCFN  composition.  In  Fig.  2f, 
it  is  clear  that  the  main  elements  of  the  nanoparticles  are  Co  and  Fe 
besides  trace  amounts  of  Pr  and  Sr.  Consequently,  the  nanoparticles 
formed  from  the  in-situ  reduction  of  PSCFN  are  compounds 
composed  mainly  of  cobalt  and  iron  and  further  studies  are  needed 
to  investigate  their  local  structure  and  catalytic  effect. 

The  metal  Co  is  a  hep  (Flexagonal  Close  Packed)  structure  which 
is  distinct  from  the  metallic  Fe  which  possesses  a  bcc  (Body- 
Centered  Cubic)  structure.  Fig.  3  displays  the  EXAFS  (extended  X- 
ray  absorption  fine  structure)  spectra  (k2- weighted)  (a)  and  the 
corresponding  Fourier  transforms  (b)  for  the  reduced  PSCFN. 
Analysis  of  the  Co-edge  demonstrates  that  the  reduced  PSCFN 
shows  the  same  structural  characteristics  as  those  of  the  metallic 
Fe,  indicating  that  the  local  environment  of  Co  in  the  reduced 
PSCFN  is  similar  to  that  of  the  metallic  Fe,  which  is  a  bcc  structure.  It 
appears  that  all  of  the  Co  originally  in  the  perovskite  PSCFN  was 
reduced  to  a  metal;  this  result  is  consistent  with  the  EDX  analysis  of 
the  very  low  Co  signal  in  the  parent  matrix  after  reduction.  The 
bimetallic  alloy  therefore  has  the  bcc  structure  of  Fe,  and  Co 
partially  replaces  Fe  atoms  in  the  lattice. 

Fig.  4  displays  the  Fourier  transformed  EXAFS  spectrum  of  the 
reduced  PSCFN  at  the  Fe  k  edge  shown  together  with  metallic  Fe 


Fig.  4.  Fourier  transform  magnitudes  of  the  EXAFS  data  (a)  Fe  K-edge  in  reduced  PSCFN,  metal  Fe,  FeO,  Fe304,  and  Fe203;  (b)  Fe  K-edge  in  reduced  PSCFN  and  best  fit  for  the  Fe-Fe 
(fitting  range  1-2.663  A). 
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Fig.  5.  Single  cells  composed  of  PSCFN//LSGM//BCFN  with  H2  (a)  or  C3H8  (b)  (both  with  3  vol%  H20)  as  fuel  tested  at  750,  800,  and  850  °C. 


and  iron  oxides  (FeO,  Fe2C>3,  FesCU).  The  spectrum  of  reduced 
PSCFN  showed  two  major  contributions,  one  located  around  1.5  A 
and  the  second  located  around  2.3  A.  The  peak  at  1.5  A  corre¬ 
sponds  to  the  oxygen  coordination  around  iron,  which  can  be 
observed  in  the  three  iron  oxides.  The  second  principal  peak 
around  2.3  A  corresponds  to  the  Fe— Fe  contribution  which  dis¬ 
plays  the  same  features  in  reduced  PSCFN  as  that  in  metallic  Fe 
[39].  This  indicates  that  the  Fe  in  the  reduced  PSCFN  is  a  mixture 
of  metallic  Fe  and  Fe  in  other  oxidation  states.  In  order  to  inves¬ 
tigate  how  much  Fe  was  reduced  from  the  perovskite  PSCFN,  the 
Fe-Fe  signal  at  2.3  A  in  R  space  was  fitted  using  IFEFFIT  software 
package  [40].  The  Fe  in  the  alloy  is  metallic  in  nature  and  is  found 
to  possess  the  bcc  structure,  with  8  first  nearest  neighbors  and 
6  second  nearest  neighbors.  In  order  to  estimate  the  amount  of  the 
reduced  states,  the  volume  fraction  of  Fe0+  after  reduction  was 
assumed  to  be  x,  the  coordination  number  (CN)  of  the  first  nearest 
neighbors  was  8*x  and  the  CN  of  the  second  nearest  neighbors  was 
6*x.  The  result  of  the  fitting  shows  that  x  is  0.213  ±  0.023,  cor¬ 
responding  to  approximately  20%  of  the  Fe  as  metal  in  the  reduced 
PSCFN.  Since  all  the  Co  in  the  PSCFN  was  reduced  to  a  metallic 
state,  and  the  original  stoichiometric  ratio  of  PSCFN  is  PSC00.2- 
Fe0.7N,  and  the  ratio  of  Co:Fe  in  the  alloy  would  be  0.2/ 
(0.7  x  20%)  =  59/41,  indicating  that  Co  content  in  the  alloy  is 
approximately  60%.  The  phase  diagram  of  the  Fe-Co  binary  sys¬ 
tem  with  60%  Co  indicates  that  an  a  phase  with  a  bcc  structure  is 
thermodynamically  stable  below  920  °C,  which  is  consistent  with 
the  observation  in  our  experiment  41  ]. 

Both  SEM  and  TEM  results  indicate  that  PSCFN  after  reduction 
contains  two  different  structures.  EDS  analysis  showed  that  the 
nanoparticles  consist  of  cobalt  and  iron.  XRD  spectra  indicate  that 
the  reduced  PSCFN  is  a  Ruddlesden-Popper  phase  combined  with 
Co-Fe  alloy  phase.  XAFS  results  have  demonstrated  that  the  Co-Fe 
alloy  is  bcc  structure  with  Co:Fe  ratio  of  59:41  and  all  the  Co  was 
reduced  into  the  metallic  phase.  Therefore,  the  remaining  parent 


Fig.  6.  Stability  test  using  C3H8  as  fuel  with  first  20  h  in  OCV  mode  and  60  h  with 
0.4  A  cm-2  current  applied. 


fraction  is  (Pro^Sro.eMFeo.ssNbo.ishCb+d  of  the  RP  phase  and  the 
nanoparticles  are  bimetallic  alloy  of  Coo.59Feo.41. 

An  important  implication  of  this  material  behavior  under 
reducing  conditions  expected  in  the  SOFC  anodes  is  that  the 
bimetallic  alloys  can  be  produced  in-situ  under  the  fuel  cell  oper¬ 
ating  conditions  leading  to  a  homogenous  distribution  of  catalytic 
sites.  Compared  with  a  mechanical  mixture  of  powders  from  the 
electrode  fabrication  process  [42,43],  or  an  infiltration  method  after 
the  formation  the  electrode  framework  [44,45],  in-situ  synthesis  of 
metal  alloy  catalytic  sites  in  our  work  are  easier  to  achieve  and 
provides  a  unique  opportunity  for  obtaining  a  uniform  distribution 
of  the  catalyst  phase. 

The  search  for  new  mixed-conductor  oxides  with  enhanced 
structural  stability  than  the  perovskite  phases  has  led  to  the 
exploration  of  the  mixed-conductor  properties  of  the  Ruddlesden- 
Popper  series  having  the  general  formula  of  An+iBn03n+i.  The 
crystal  structure  of  these  materials  consists  of  n  perovskite  layers  of 
ABO3  alternated  with  AO  rock-salt  layers  [30,31  ].  It  has  been  shown 
that  reduction  of  PSCFN  leads  to  the  formation  of  a  novel  dual  phase 
anode  material  consisting  of  a  parent  oxide  with  a  Ruddlesden- 
Popper  structure  and  a  bimetallic  Co-Fe  alloy.  The  SOFC  cell  per¬ 
formance  and  catalytic  activity  of  this  composite  material  system 
will  be  explored  in  the  following  section. 

3.2.  Cell  performance 

Fig.  5a)  displays  the  single  fuel  cell  performance  with  H2  (3  vol% 
FI2O)  supplied  to  the  anode  and  ambient  air  supplied  to  the  cathode 
in  the  temperature  range  of  750  °C  to  850  °C.  The  open  circuit 
voltage  (OCV)  was  1.1  V  while  the  maximum  cell  power  density 
reached  0.62,  0.86,  and  1.13  W  cm"2  at  750,  800,  and  850  °C, 
respectively.  After  switching  the  fuel  from  H2  to  C3FI8  (3  vol%  H2O), 
the  OCV  dropped  slightly  while  the  maximum  cell  power  density 
could  reach  0.33,  0.59,  and  0.92  W  cm'2  at  750,  800,  and  850  °C, 
respectively.  This  cell  performance  is  comparable  to  the  Ni  modified 
anode  using  direct  propane  as  a  fuel  [12,46-48].  As  described 
above,  the  current  anode  materials  consists  of  two  phases,  a  layered 
(Pro.4Sr0.6)3(Feo.85Nbo.i5)207+5  and  a  Co-Fe  bimetallic  alloy.  In 
many  previous  reports,  materials  with  Ruddlesden-Popper  phases 
such  as  Sr3Fe206+5  usually  have  high  conductivity  with  p  type 
charge  carriers  and  the  electronic  transport  properties  are  attrib¬ 
uted  to  the  presence  of  electron  holes  localized  on  the  iron  sites 
[49  .  The  oxide  component  of  the  anode  material  in  this  study,  the 
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Chemical  products  with  their  mass-to-charge  ratio. 
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Fig.  7.  Gas  chromatography-mass  spectrometry  (GC-MS)  testing  of  the  chemicals.  Different  peaks  with  time  (a)  and  different  mass-to-charge  ratio  (b). 


(Pro.4Sro.6)3(Feo.85Nbo.i5)207+^  has  a  high  conductivity  which  is 
appropriate  for  the  electrode  [50].  The  Co-Fe  bimetallic  alloy  is 
metal  with  high  electronic  conductivity  and  usually  has  an  excel¬ 
lent  catalytic  performance,  especially  in  the  Fischer-Tropsch  syn¬ 
thesis  [23,24,50].  The  combination  of  the  high  conductive  oxide 
matrix  and  the  excellent  catalytic  activity  of  the  Co-Fe  metallic 
phase  has  led  to  high  cell  power  output  with  both  hydrogen  and 
propane  fuels. 

The  durability  testing  of  the  cell  was  conducted  with  20  h  in  the 
OCV  mode  at  800  °C  and  60  h  with  0.4  A  cm-2  current  applied  at 
850  °C.  The  cell  performance  was  stable  during  the  80  h  testing  as 
shown  in  Fig.  6,  suggesting  that  the  composite  anode  can  direct 
oxidize  propane  without  coking  compared  with  the  conventional 
anode  material  such  as  Ni— YSZ  which  degrades  quickly  in  hydro¬ 
carbons  fuels  [13,51].  Meanwhile  the  long  term  stability  confirms 
that  the  RP  phase  is  stable  at  reducing  conditions  at  the  cell  oper¬ 
ating  temperature. 

3.3.  Analysis  of  the  chemical  products 

During  the  80  h  durability  test  using  propane  as  fuel,  thick  and 
viscous  yellowish  liquid  was  collected  in  the  exhaust  stream  of  the 
fuel  cell.  After  characterization  using  gas  chromatography-mass 
spectrometry,  macromolecular  compounds  containing  a  benzene 
ring  were  detected.  These  compounds  with  different  mass-to- 
charge  ratio  (m/z)  are  listed  in  Table  1.  Fig.  7a  displays  the  GC- 
MS  spectra  of  different  peaks  with  time  which  correspond  to 
compounds  with  different  mass-to-charge  ratio  weight  (Fig.  7b). 
The  polycyclic  aromatic  hydrocarbons  (PAHs)  found  in  the  liquid 
state  at  the  conclusion  of  cell  testing  were  the  products  of  the 


Chemical  shift  (ppm) 


Fig.  8.  1H  nuclear  magnetic  resonance  (NMR)  spectrum  of  the  chemicals  produced  in 
the  SOFC  exhaust  stream. 


propane-fueled  SOFCs  using  the  composite  anode  with  the  Co-Fe 
bimetallic  catalyst. 

Fig.  8  shows  NMR  spectrum  of  the  by-product  of  the  direct 
propane  fueled  SOFCs.  The  1H  NMR  reveals  the  structure  of  a 
molecule  by  the  chemical  shift  (5),  which  provides  information  of 
the  chemical  environment  of  the  protons.  The  signature  resonances 
of  the  protons  in  benzene  is  located  at  5  =  121  ppm  52],  while  the 
protons  in  PAHs  usually  have  a  characteristic  <5  in  the  range  of  6.3— 
8.5  ppm.  In  Fig.  8  the  peaks  around  7.2-8.3  ppm  indicate  most  of 
the  protons  are  on  the  benzene  ring  of  PAHs.  Since  these  peaks  are 
complex,  including  several  sets  of  compounds  and  their  isomers 
with  protons  in  different  environment,  the  by-product  must  be  a 
mixture  of  several  kinds  of  PAHs.  These  results  confirm  the  results 
of  the  GC-MS  tests. 

Evidence  of  PAH  compounds  were  also  confirmed  in  the  infrared 
spectrum,  as  shown  in  Fig.  9.  The  absorption  peak  around  3100- 
3000  cm-1  and  910-670  cm-1  corresponds  to  the  stretching  vi¬ 
bration  of  the  z'c— h  and  bending  vibration  of  the  <5c-h  of  the  C-H  on 
the  benzene  ring.  The  peaks  around  1600  cm-1  and  1500  cm-1  are 
the  stretching  vibrations  of  the  vq=c  benzene  skeleton  [53].  Similar 
to  the  NMR  results,  the  main  peak  shows  an  overlap  with  many 
small  peaks,  indicating  this  must  be  a  complex  mixture  of  com¬ 
pounds  containing  several  kinds  of  PAHs. 

The  collection  of  GC-MS,  NMR  and  IR  data  shows  that  there  are 
PAH  chemicals  in  the  products  of  direct  propane  fueled  SOFCs  using 
a  novel  dual  phase  anode  material  formed  by  reduction  of  a  PSCFN 
material.  In  this  electrochemical  reaction  occurring  in  the  presence 
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Fig.  9.  Infrared  (IR)  spectroscopy  of  the  chemical  products. 
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of  the  Co-Fe  catalyst  operating  at  850  °C,  macromolecular  com¬ 
pounds  were  found  as  liquid  products,  which  were  different  from 
the  traditional  Fischer-Tropsch  synthesis  occurring  at  lower  tem¬ 
perature  in  the  150-350  °C  range  producing  small  molecule 
product  such  as  alkenes  or  alcohols.  The  operating  temperature  of 
the  SOFCs  is  in  the  range  of  750— 850  °C,  which  is  much  higher  than 
the  typical  temperature  of  FT  synthesis.  On  one  hand,  the  high 
operating  temperature  offers  energy  for  dehydrogenating  of  hy¬ 
drocarbon,  especially  the  energy  for  breaking  the  C-H  bond.  On  the 
other  hand,  the  applied  current  (0.4  A  cm-2  in  this  study)  accel¬ 
erates  the  electronic  transport  in  the  electrode  which  may  benefit 
the  formation  of  a  benzene  ring.  The  metal  alloy  in  the  anode  is 
cobalt  and  iron,  which  are  the  two  most  common  catalysts  for  the 
FT  synthesis.  Cobalt  is  the  preferred  catalyst  in  the  FT  synthesis  of 
higher  hydrocarbons  due  to  its  high  activity  and  selectivity,  low 
water-gas  shift  activity,  and  resistance  towards  deactivation  [54]. 
Usually  cobalt  catalysts  produce  high  yields  of  long-chain  alkenes 
in  the  FT  synthesis  [55].  Iron  catalyst  development  has  focused  on 
improving  the  catalytic  activity  in  the  lower  temperature  regime 
where  most  of  the  hydrocarbon  product  is  in  the  liquid  phase  under 
reaction  conditions  [23].  In  many  previous  reports,  Fe-Co  alloys 
were  used  as  catalyst  for  dehydrogenation  in  the  Fischer-Tropsch 
synthesis.  Qiu  and  co-workers  found  that  in  the  dehydrogenation  of 
ammonia  borane  at  room  temperature,  the  in  situ  synthesized 
Feo.3Coo.7  alloys  exhibit  excellent  catalytic  properties  [56].  Wang 
et  al.  have  predicted  the  formation  of  the  aromatic  products  from 
C2H4,  C4FI6,  and  C4FI6  through  modeling  of  the  steam  cracking  of  F— 
T  naphtha  [57].  The  incorporation  of  cobalt  and  iron  phases  results 
in  substantial  changes  in  both  activity  and  product  distribution. 
When  used  together,  they  do  not  simply  give  the  additive  proper¬ 
ties  (activity,  selectivity)  expected  from  knowledge  of  the  proper¬ 
ties  of  the  individual  metals  [55].  These  bimetallic  Co-Fe  catalysts 
have  been  shown  to  be  much  more  attractive  in  terms  of  alcohol 
formation  and  give  rise  to  the  production  of  ethanol  and  propanol, 
depending  on  the  iron  content  [58].  The  possible  interaction  of 
cobalt  and  iron  in  the  alloys  when  used  as  anode  catalyst  in  SOFCs 
at  high  operating  temperatures  in  the  present  case  and  the  applied 
current  during  the  SOFC  operation  may  accelerate  the  catalytic 
processes  that  yield  the  formation  of  PAHs. 

For  these  PAFIs,  they  can  be  valuable  in  many  industrial  appli¬ 
cations.  Anthracene  is  an  organic  semiconductor  used  as  a  scintil¬ 
lator  for  detectors  of  high  energy  photons,  electrons  and  alpha 
particles  [59,60].  It  is  also  used  in  wood  preservatives,  insecticides, 
and  coating  materials.  Chrysene  and  pyrene  are  used  commercially 
to  make  dyes  and  dye  precursors.  The  significance  of  this  study  has 
been  the  demonstration  of  the  formation  of  the  PAHs  from  the 
small  molecular  hydrocarbons  through  electrochemical  reaction  in 
the  SOFC  system.  The  PAHs  are  liquid  at  ambient  temperature  and 
pressure,  making  it  convenient  for  transport  and  storage. 

4.  Conclusions 

PSCFN  starting  materials  used  as  SOFC  anodes  changed  to  a  dual 
phase  system  consisting  of  (Pro.4Sro.6)3(Feo.84Nbo.i5)207+<5  covered 
with  Co-Fe  nanoparticles  after  reduction  in  H2  at  elevated  tem¬ 
peratures.  XAFS  results  indicated  that  the  Co-Fe  bimetallic  alloy 
was  composed  of  59:41  mol%  of  Co  and  Fe,  and  the  alloy  possessed 
the  same  bcc  structure  as  that  of  the  metallic  Fe.  SOFCs  employing 
this  novel  anode  material  demonstrated  high  cell  power  output 
with  either  H2  or  C3H8  as  fuel.  Durability  testing  indicated  that  the 
stability  with  propane  at  850  °C  was  excellent  with  no  evidence  of 
coking  induced  cell  degradation.  GC-MS,  NMR  and  IR  data  showed 
the  existence  of  PAHs  in  the  product  of  direct  propane  SOFCs  with 
(Pro.4Sr0.6)3(Feo.85Nbo.i5)207+5  anode  containing  Co-Fe  alloy.  These 
macromolecular  compounds  are  produced  as  by-products  during 


operation  of  SOFCs  for  power  generation.  This  novel  material  sys¬ 
tem  successfully  demonstrated  co-generation  of  electricity  and 
high  value  end  use  chemicals  (PAHs)  from  direct  hydrocarbon 
fueled  SOFC  systems. 
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